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Description

Field of the Invention

The invention relates to a method of, and apparatus for, detecting and analysing particles, and is more specifically
concerned with the detection and analysis of such particles using a sensor which is responsive to particle impact

Background to the invention

Itis known to detect particles, such as sand, moving in a flowing fluid, for example oil, with a sensor which generates
a signal in response to particle impact. Such a sensor conventionally comprises a piezo-electric element coupled to
the sensor housing so that collision of particles with the housing deform the element, causing the latter to generate a
voltage signal which may be analysed to obtain information on the nature of the impact.

In conventional analysis techniques, the signal is amplified, unwanted frequency components filtered-out and a
thresholding procedure is then applied in order to determine whether the amplitude of the signal is greater than a pre-
determined threshold level. If that threshold is passed, the detection of an impact is registered in a counter.

Since the magnitude of the sensor signal is related to the force of particle impact, a series of different threshold
levels may be employed in order to give an indication of the relative magnitudes of particle impacts. The energy dis-
sipated on impact is proportional to the momentum of the particle involved, from which an indication of the mass of the
particle can be obtained if the velocity of impact is known (or deduced from, for example, the flowrate of the fluid).

An example of such an arrangement is shown in US Patent No. 4240287 and in FR-A-2 412 840.

One disadvantage of such an arrangement is that an accurate measure of particle size is not obtained, since the
various impact signals are merely sorted into a number of ranges dictated by the threshold levels.

Summary of the invention

According to one aspect of the present invention , there is provided a method of detecting and analysing moving
particles using a transducer which generates an electrical signal in response to a particle impact, having an amplitude
which is related to the force of particle impact, the method comprising the steps of:-

1. monitoring the instantaneous values of the transducer output signal;

2. detecting when the amplitude of the transducer output signal exceeds a given threshold and noting any local
maximum values whilst the transducer output signal exceeds the said threshold;

3. determining which of a plurality of local maximum values has the overall maximum amplitude so as to discriminate
between electrical noise spikes and an amplitude excursion caused by a particle impact; and

4. generating a final output signal whose amplitude corresponds to the detected local overall maximum value and
whose timing bears a fixed relationship to the time at which the local overall maximum value occured to thereby
generate a signal which is indicative of the momentum and position in time of a particle impact.

Since this method provides a direct measurement of the true maximum amplitude of an excursion caused by a
particle impact, a relatively accurate indication of the momentum of the associated particle may be obtained.

As mentioned the method proposed allows one to discriminate between the actual amplitude excursion produced
by an impact and any amplitude excursions in the transducer oscillation which may be caused, for example, by noise.

In order to improve the overall sensitivity of the method the transducer should be only lightly damped. In this case
the impact of a particle will produce a series of amplitude excursions of diminishing magnitude in the transducer output
signal and the time taken for these amplitude excursions to diminish to an insignificant level is called the recovery time
of the transducer.

When the flux of particles incident on the transducer is relatively low it is rare for an impact to occur during the
recovery time of the transducer. However, larger fluxes may cause a significant number of impacts to occur within one
or more recovery times.

If a second particle impact occurs within the recovery time of the transducer the perceived amplitude of the local
overall maximum value of the transducer signal for the second impact will not be an accurate measure of the momentum
of the second impact due to the presence of the decaying amplitude excursions caused by the first impact.

Accordingtherefore to another aspect of the invention the method may include the step of inhibiting the transmission
of any final output signal in response to any significant amplitude excursions of the transducer output signal within a



10

15

20

25

30

35

40

45

50

55

EP 0 585 301 B1

period of time equal to the recovery time of the transducer after any final output signal has been generated.

This first modification of the method serves to eliminate any final output signals which are of suspect accuracy -
but may inadvertantly discard many impact signals, which otherwise could have been processed.

According to a further aspect of the invention the method may also include the additional step of eliminating from
consideration amplitude excursions whose rise-time up to a pre-determined amplitude value is not within a preselected
range of rise-times characteristic of the rise-time of an amplitude excursion resulting from a particle impact.

According to a still further aspect of the invention instead of simply rejecting amplitude excursion maxima occurring
within the recovery time after a detected overall maximum amplitude value, a correction may be applied to amplitude
values of the transducer output signal during the recovery time following each detected overall maximum amplitude
value, to compensate for the known decaying oscillation in the output signal due to the detected impact either by adding
to (or subracting from) the detected amplitude excursion values corresponding to the known decaying oscillation before
determining future overall maximum values (thereby to produce the values therefor, so that they can be accepted as
the reflections of the momentum of subseauent particle impact), or modifying the output signal using a mathematical
model corresponding to the known decaying waveform, so that the transmitted transducer output signal amplitude is
corrected for and takes account of the previous impact, before processing to determine the next local overall maximum
value.

The decaying waveform may be computed using a mathematical model which describes the oscillatory function
of the damped transducer.

According to a still further aspect of the invention the time interval between adjoining overall maximum amplitude
values may be determined and, using known data relating to the expected decaying waveforms from the first impact,
a value of the latter at the time of occurrence of the second maximum value may be computed to allow the second
maximum value to be corrected. This technique may also be used to determine whether any detected overall maximum
value is due to an impact or is caused by the decaying oscillation of the transducer following an impact since all other
things being equal an impact will produce a greater than expected amplitude value in the transducer output signal,
given the immediate history of transducer output signal.

Whilst the whole of the signal from the transducer may be analysed continuously, preferably transducer output
signals having an amplitude which lie below the threshold level are not analysed. In this way a certain proportion of
electrical noise can be eliminated from the analysis, thus reducing the demands on the required processing power of
the circuitry used to perform the method.

Where the transducer output signal can oscillate both positively and negatively, two thresholds may be employed,
one positive and the other negative, such that only positive going excursions of a magnitude greater than the positive
threshold and negative going excursions greater in magnitude that the negative threshold are available for analysis.
However if, for example, only positive going excursions are to be analysed, only a positive threshold is needed and
vice versa.

The invention also provides apparatus for detecting and analysing particle impacts, comprising a sensor which
generates an electrical amplitude excursion in response to a particle impact, the maximum amplitude of which is related
to the momentum of the particle causing the impact, a peak detector for detecting peaks in the sensor output; signal
processing means for measuring the amplitude and time of occurrence of each peak; and comparator means for de-
termining which of a series of peak values has the local overall maximum value; and output means for processing as
a final output signal, a signal having a value corresponding to the locally detected overall maximum and whose timing
corresponds to the time of the detected impact.

Where the sensor is of the kind in which a particle impact generates, in addition to a primary excursion, a secondary
signal comprising a series of decaying amplitude excursions which attenuate to an insignificant level over a period of
time corresponding to the recovery time of the sensor transducer , the apparatus preferably includes timing means for
determining whether a detected overall maximum value has occurred within the recovery time immediately following
a previous detected overall maximum value, and compensating means for calculating the expected value of the trans-
ducer output signal due to the first impact at the time of occurrence of the next detected overall maximum value, and
adjusting the said next value to give an adjusted value which is therefore a more accurate reflection of the momentum
of the second particle impact.

The methods and apparatus of the invention may include the step of (and apparatus for performing) analogue to
digital conversion of the transducer output signal, at least at detected local overall maximum values, so that a digital
value is available for processing.

This allows the advantages of relatively high speed analogue signal processing techniques for determining local
signal maximum to be combined with the flexibility of digital processing for compensating for future values of the trans-
ducer output signal for impact accuracy within the transducer recovery periods.
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Brief description of the drawings

The invention will now be described by way of example only, with reference to the accompanying drawings in which:-

Figure 1 shows an example of an output signal of a piezo-electric transducer which may be used in the method
and apparatus according to the invention;

Figure 2 shows an alternative type of output signal,

Figure 3 illustrates one of the analysis techniques to be used on an output signal such as is shown in Figure 1;
Figure 4 illustrates another aspect of the analysis of a sensor output;

Figure 5 is a block diagram of apparatus according to the invention; and

Figure 5A shows a modified version of the apparatus of Figure 5.

Detailed description

The method and apparatus to be described may be used in the continuous monitoring of a flow of particular material
in a fluid within an enclosed vessel in order to give an indication of size (or relative size) of particles sampled from that
material.

Although the method and apparatus are described in relation to a sensor having a piezo-electric transducer (in
this case a series 112A20 high resolution pressure transducer marketed by PCB Piezoelectronics), it will be apparent
that the invention is not limited to such sensors, and may thus employ other types of sensor, for example piezo-inductive
or piezo-resistive sensors.

Figure 1 illustrates a typical output wave form from a lightly damped piezo-electric transducer, showing output
voltage against time following the impact of a particle. The wave form comprises a primary excursion 2 from a level 3
corresponding to a quiescent state of the sensor, followed by a series of secondary excursions, such as the excursion
4. Alternatively, the design and construction of the transducer may be such that the wave form is more heavily damped
after a primary excursion, as shown in Figure 2, in which the same reference numbers denote portions of the wave
form which correspond to those of the wave form shown in Figure 1.

In either case the magnitude of the primary excursion is substantially directlv proportional to the mass of the particle
which has impacted with the sensor, causing the latter to generate the signal.

In the method to be described a lightly damped transducer is used.

The method involves monitoring the waveform in order to identify the rapid rise time to the peak value which is a
characteristic of the transducer's output following a particle impact. This rise time is related to the resonant frequency
of the transducer and is typically of the order of 1 to 2 microseconds. The expected rise time of the output signal for a
given transducer will normally be provided as part of the manufacturer's data. Knowing the expected rise time, it is
then possible to exclude those parts of the waveform which have a signal rise time outside a defined band of acceptable
values around the expected rise time. Noise which is most likely to be present at lower frequencies compared to the
transducer's output may therefore be discriminated out in subsequent processing of the rise time data.

The second feature of the transducer's waveform which is monitored is the magnitude of the initial peak following
an impact. To maximize the accuracy of this measurement, a very high-speed peak detector and analogue to digital
converter are used. This ensures that the waveform is sampled and digitized close to the peak.

The method may also involve the measurement of the time intervals between successive peaks in the waveform
as indicated in Figure 3. The transducer's waveform consists of a series of steadily reducing secondary peaks as the
resonance effect within the transducer decays. This gives a series of equally spaced peaks, the time interval between
the peaks being dependent upon the resonant frequency of the transducer. After the final peak there would be a qui-
escent period until the next impact occurred. This timing information may be used to determine if sufficient time, ie.
the recovery time, has elapsed since the previous impact for the waveform to return to its quiescent state. Alternatively
the system may determine whether the recovery time (which is dependent upon the intrinsic characteristics of the
transducer and hence may be predetermined) has elapsed by determining whether the time interval between the pre-
vious impact peak and a subsequently detected peak is greater or less than the recovery time.

If successive impacts occur in less time than is allowed for the waveform to settle to its quiescent level, which is
typically 75 to 100 miscroseconds after the first peak is detected, then the peak value relating to the next impact may
need to be discounted, or corrected.

Referring to Figure 5, apparatus for carrying out this method comprises an instrumentation amplifier 6 connected
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to a unity gain buffer 7. The output of the buffer 7 is, in turn, connected in parallel to a front threshold detector 8, a
peak detector 9, an analogue to digital convertor (ADC) 10 and a rear threshold detector 11. The apparatus also includes
a rise time counter 13 having an input connected to the threshold detector and an output connected to a rise time
register 14.

The output of the detector 8 is connected in parallel to the peak detector 9, the rise time counter 13, the rear
threshold detector 11 and an input of a control unit 12. The output of the detector 9 is connected in parallel to the
converter 10 and to an input of the unit 12, another input of which is connected to the output of the rear threshold
detector 11.

The threshold detectors 8 and 11 may be digitally controlled by suitable signals generated by for example manual
control means (not shown) and fed to the detectors along the lines labelled "Digitally controlled threshold" similarily
the separate control means may be used to control the gain of the amplifier 6 or to reset the system by means of signals
fed respectively to the amplifier 6 and unit 12 along the designated lines.

The rise time counter 13 and hence the rise time register 14 are controlled by time impulses generated by a clock
15, which also controls an inter-peak counter 16 and associated inter-peak time register 17. The components 13 and
14, are operable to measure and store the rise-time of a detected excursion. The components 16 and 17 are operable
to measure and store as indication of the time of occurance of maximum amplitude peaks, which measurements can
then be processed to give a measure of the time delay between successive maximum amplitude peaks (ie the inter
peak timing).

The magnitudes of the peaks in a detected excursion are analysed by a comparator 19 and a peak-value register
24, both of which are connected to the output of the ADC. The comparator 19 is also connected to an input of the
control unit 12, which is also connected to a clock 18, and can generate a reset signal which resets the threshold
detector 8, the peak detector 9, the rise-time counter 13 and the peak-value register 24.

The unit 12 has an output connected (along a line marked clock) to the rise time register 14 an interpeak register
17, so that a signal generated by the unit 12 at the output causes values from the rise time register and inter neak
counter to be latched into the registers 14 and 17 respectively.

A similar function is performed by a signal from another output of the unit (along the second line marked 'clock’)
12 which is connected to the register 24 so that the signal causes a value from the converter 10 to be latched into the
register 24.

The remaining output of the unit 12 is connected to processor means (not shown) which, on receipt of "peak data
available" signal from that output, records the values latched in the registers 14, 17 and 24, to all of which the processor
means is also connected.

The threshold detectors 8 and 11 enable the apparatus to function without having to track the waveform of the
sensor signal continuously. This is of particular advantage in the absence of any impact upon the sensor when only
low amplitude noise would be present.

The first or front threshold detector 8 is used to enable the sampling circuitry of the apparatus only when the signal
exceeds the level at which the detectors 8 is set. The second or rear threshold detector 11 determines when the signal
has fallen below a defined level and causes the sampling circuitry to be disabled. The use of threshold detectors helps
to minimize the amount of data captured by the system and simplifies the subsequent processing requirements.

In normal operation the front threshold detector 8 is set at a level which is slightly above the background noise
which exists in the system. Any noise which exceeds the front threshold level is tracked by the peak detector 9. However,
it normally would be rejected in subsequent processing of the sampled data because its rise time is unlikely to be
characteristic of that of a particle impact. The level of the rear threshold detector 11 is usually set to the same level as
the front threshold detector 8. Figure 4 shows a threshold level 20 for the front and rear detectors superimposed upon
the waveform.

The operation of the apparatus will now be described, in overview, in relation to the signal shown in Figure 4.

Initially the signal level is lower than the threshold 20 of the front detector 8. When an impact occurs the signal
level rises rapidly and exceeds the front detector's threshold. This, causes the high-speed counter 13 and the high
speed peak detector 9 1o be enabled. The counter 13 acts as a rise-time counter which is fed from the clock 15, and
is used to time the rising edge of the waveform following an impact. The high-speed peak detector 9 becomes operable
to detect positive-going peaks on the transducer's waveform. When such a peak is detected, the peak detector 9
triggers the analogue to digital converter 10 to sample and digitize the signal level at the detected peak points. The
peak detector 9 continues to monitor the waveform until its amplitude falls below the threshold 20 on the rear threshold
detector 11.

During operation, the register 24 will retain the value of the highest peak encountered in the current cycle (ie while
the threshold 20 is exceeded by the signal). The rise-time register 14 will hold the number of clock periods which have
occurred since the counter was enabled up to the point when the highest magnitude peak is detected, and the register
17 holds the total number of clock periods which have occured since the apparatus was put operation, which can be
used to provide inter-peak timing information.
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The information held in the two registers and the peak value sampled by the analogue to digital converter 10 are
relayed to a processor (not shown) for storage and analysis when the signal level has gone below that set on the rear
threshold detector.

The operation of the apparatus will now be described in detail.

The transducer's output is fed into the instrumentation amplifier 6, the gain of which is digitally controlled from the
processor unit. This allows the transducer's output signal to be scaled appropriately to match the reference voltage on
the analogue to digital converter. This assists in minimizing the conversion error, particularly when dealing with low
amplitude signals. Instrumentation amplifiers also possess excellent noise rejection characteristics because of their
differential inputs. This is an advantage when dealing with signals from a transducer which may be located at some
distance from the sampling hardware.

The output of the instrumentation amplifier 6 is fed into the unity-gain buffer 7 which isolates it from the capacitive
load in the high-speed peak detector. The output signal from the buffer is supplied to four analogue subsystems i.e.
the front threshold detector 8, the high-speed peak detector 9, the analogue to digital converter 10, and the rear thresh-
old detector 11. The threshold detectors are designed around high-speed comparators with one input from the buffered
signal and the other from digitally controlled potentiometers (not shown). These are controlled from the processor unit
and allow a wide range of threshold conditions to be selected.

The hardware design ensures that there are interlocks upon the operation of the analogue sub-systems. Therefore
the peak detector circuitry is not active until enabled by the front threshold detector 8. The rear threshold detector 11
is also enabled by the front threshold detector 9.

when the buffered signal exceeds the front threshold level, the detector is activated, and will remain in that state
until cleared by a reset from the control unit 12. Once enabled, the peak detector tracks the input signal by using a
diode-clamped differentiator. As a peak is reached and then begins to reduce, the direction of current flowing in the
detector's capacitor reverses. This in turn causes the output of the differentiator's operational amplifier to change its
output state very rapidly. A high- speed comparator detects this change and causes the output state of the peak detector
9 to be latched up. The comparator also generates an edge trigger output which is used as a clock edge for two
purposes.

Firstly, it triggers the high-speed analogue to digital converter 10 which samples the buffered signal and latches
its digital output within 50 nanoseconds. Secondly, it initiates sequencing logic programmed into the control unit 12
which then samples the output of the comparator 19 after a short delay. Some excursions possess more than one peak
before the signalfalls below the rear threshold level. The peak detector 9 detects each such peak, which is also analysed
by the ADC 10, but the apparatus retains just the highest peak value together with the associated timing information
from the timing counters.

This is achieved by comparing the new peak value with the previous peak, if any, in the current impact signal. Any
previous peak value is latched up in the peak value register 24, the input of which is connected to the analogue to
digital converter's output. The peak value register 24 is cleared prior to the front threshold detector being enabled by
a reset signal from the sequencing logic of the unit 12. Therefore with the initial peak value of an impact, the analogue
to digital output will exceed the null state of the peak value register 24. The sequencing logic will cause the analogue
to digital output to be latched into the peak value register 24. In addition it will cause the rise-time register 14 and inter-
peak time register 17 to be loaded from their respective counters. The rise-time register 14 will then hold the number
of timing pulses accumulated by the rise-time counter since the front threshold detector became enabled.

The inter-peak counter 16 is clocked with timing pulses from the same source as the rise-time counter 13. It is not
controlled by a reset signal, but is allowed to clear itself by overflowing before incrementing again. The inter-peak time
register 17 provides information regarding the position of peaks in time relative to its counter. Thus the value latched
into the register 17 will be directly related to the time elapsed since the front threshold was first exceeded, because
the counter 16 does not stop when the signal falls below the threshold 20 in the interim. Consequently an indication
of the inter peak timing may be obtained by subtracting consecutive values entered into the processor from the register
17.

Having loaded the peak value and timing registers, the sequencing logic re-enables the peak detector circuitry.

If another peak is detected before the rear threshold level 20 is reached the sequencing cycle is repeated. If the
new peak value does not exceed the stored in the peak value register 24 it is discarded and the timing registers are
not reloaded but retain the previously loaded values associated with the peak value in the peak value register. If the
new peak value does exceed the value stored in the peak value register it is transferred into that register and the two
timing registers are loaded from their respective counters.

When the input signal falls below the rear threshold level 20, the sequencing logic generates a data available
signal to the processor unit. The contents of the registers holding the peak value, the rise time and inter-peak time can
then be read by the processor (not shown). The monitoring hardware is only re-enabled when the processor has read
the registers and issued a system reset which reinitializes the hardware.

The processor unit then analyses the data from the Registers to determine whether the rise time of the peak falls
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within a predetermined band of acceptable values. The peak is discounted if its rise time is not within that band.

Where a peak, which has not occurred in the recovery time of the sensor, has an acceptable rise time, the processor
unit generates a final output signal indicative of the momentum and time of occurrence of the impact.

The processor unit also uses the time of occurrence of the peak to mark the start of the recovery time (which is
already known). During the recovery time, the information supplied to the processor may relate to a secondary peak
caused by the resonance effect within the transducer or a peak resulting from a further impact.

The magnitudes and times of occurrence of the secondary peaks are dependent upon the charateristics of the
transducer, and can be predicted by the processor unit usina a suitable mathematical model.

In order to distinguish between the two different types of peak, the processor first compares the time of occurrence
of the detected peak with predicted times of occurrence of the secondary peak. If the detected peak has not occurred
at one of these predicted times, the processor treats the peak as having been caused by an impact.

Where the peak occurred at a time which coincides with a predicted secondary peak time, the processor then
compares the magnitude of the peak with the predicted magnitude of the secondary peak in question. If the detected
magnitude is significantly greater than the predicted magnitude, the peak is also treated as having been caused by an
impact. Otherwise, the processor treats the peak as a secondary peak, and consequently does not generate a final
signal.

In the event that the peak is treated as having been caused by an impact, the processor unit uses the time of
occurrence to mark the start of a further recovery time for use in connection with the analysis of subsequent peaks,
and may then apply a correction to the peak value before generating a final signal, or alternatively may discount the
peak.

In a simplified embodiment, intended for use in situations in which impacts are unlikely to occur within recovery
times, the processor unit simply discounts all the peaks which are detected in a recovery time following an initial peak,
since these are most likely to be secondary peaks.

In order that this system may be used over extended operating periods it is preferable that any dc drift of the
analogue signal be detected and corrected. This drift would have the effect of increasing or reducing the apparent
amplitude of an impact. This type of drift is principally associated with temperature variations. As the transducer may
incorporate electronic circuitry and is likely to be affected by temperature changes in the fluid, it is important that the
transducer should be in circuit when assessing the extent of the dc drift. To avoid removing the transducer from its
monitoring position it may, in some circumstances, be possible to suspend the fluid flow to measure the dc level in the
absence of particle impacts. Alternatively, in situations where this is impossible, the processor unit could generate a
periodic control signal to activate a screen to protect the face of the transducer from the fluid flow. Typically this would
be based upon an electro-mechanical system using a solenoid carrying a small screen.

InFigure 5A, components corresponding to components shown in Figure 5 are denoted by the associated reference
numbers Figure 5 increased by one hundred.

The apparatus shown in Figure 5 does not have a peak detector. Instead, the Analogue to Digital converter, one
input of which is connected to the amplifier 106 through the buffer 107, continuously converts the signal fed to the input
into digital form under the control of a sampling clock 140 connected to the clock input of the converter 110.

The digital signal produced by the converter 110 is relayed to digital front and rear threshold detectors 108 and
109 and to the comparator and peak value register 119 and 124.

As with the apparatus of Figure 5, the threshold levels of the detectors 108 and 109 may be set and adjusted using
control means (not shown) which are connected to the inputs indicated by the "Digitally controlled threshold" lines.

The outputs of the detectors 108 and 109 are connected to inputs of the control until 112, which in response to a
signal from the detector 108 (indicating that the front threshold has been exceeded) generates at one outout an enable
signal for the rise time counter 113, and in response to a signal from the detector 109 generates at another output a
reset signal for the detectors 108 and 109, and the counter 113.

The unit 112 includes a system reset input connected to the control means input for the clock 118, and an input
for a signal from the comparator 119. One of the two outputs of the unit 112 indicated by the lines labelled ‘clock’ is
connected to the register 124, whilst the other is connected to the rise time and inter peak time registers 114 and 117.
The unit may generate signals at those outputs to cause appropriate values to be latched into the registers 114, 117
and 124.

A clock 115 regulates the counter 113 and the inter neak counter 116.

The outputs of registers 114, 117 and 124 are connected to processing means (not shown) which, on receipt of a
'peak data available' signal from the associated output of the unit 112, reads the "interpeak time', rise time and peak
value latched into the registers at that time.

The front threshold detector 108 includes a control register, which can be loaded from the processor unit, and a
high-speed digital comparator. As before, the purpose of the front threshold detector is to determine when the amplitude
of the input signal exceeds the threshold value specified by the contents of the control register.

When the input signal has an amplitude lower than the threshold level, the comparator in the front threshold detector



10

15

20

25

30

35

40

45

50

55

EP 0 585 301 B1

108 ensures that the peak value circuit is disabled. For every analogue to digital conversion cycle the comparator
compares the resultant digital output with the threshold value in the control register. Only when the comparator detects
that the analgue to digital output has exceeded the front threshold level does it switch an output signal which is received
by the unit 112 which in turn, enables the counter 113. The front threshold detector 108 is then itself disabled until the
rear threshold detector 109 detects the inout signal falling below the associated threshold.

The rear threshold detector 109 also comprises a control register and high-speed comparator. As with the front
threshold detector 108, its control register is loaded with the relevant threshold value by the processor unit. The mode
of operation of this detector is similar to the front threshold detector 108, except that its comparator switches an output
signal (to the unit 112) which is used to disable the peak-value circuit when the analogue to digital output falls below
the value stored in its control register.

Because the analogue to digital converter 110 is continuously digitising the input waveform, the comparator 119
and register 114 are used to examine all of the digitised samples of the waveform between the threshold levels.

The peak-value register 124 is initialised to zero prior to the front threshold level being reached.

The comparator 119 compares each digitised sample with the highest peak value found during the current cycle
(ie while the threshold is exceeded) and the system retains the higher of the two in the peak-value register. Conse-
quently, when digitised waveform falls so as to activate the rear threshold detector 109, the value remaining in the
peak-value register 124 will be the highest encountered in the current cycle.

With the clock 140 operating at a frequency of 20MHz a digital sample of the waveform would be available every
50nS. For the present embodiment, this provides a sufficiently high sampling rate for the type of waveform being
monitored, although higher rates may be required for relatively large fluxes of particles.

In the Figure 5A arrangement, the operation of the rise-time and inter-peak time counters is identical to that pre-
viously described in relation to Figure 5.

Sequencer and synchronization logic relating to Figure 5

The sequencer and synchronization logic of the design is based upon a programmable logic sequencer which
provides a Mealy state machine with a registered output. The PLS105 sequencer from Advanced Micro Devices offers
an AND/OR logic structure. The AND and OR arrays are both programmable to allow implementation of the sum-of-
products equations.

The AND array can support up to 16 external inputs. The input signals which are applied to this array are: the
output from the front threshold detector which indicates when the analogue input signal has exceeded the front threshold
level, the output from the rear threshold detector which indicates when the analogue signal has fallen below the rear
threshold level, the output signal from the peak detector circuit indicating that a peak has been detected, the system
reset signal which is supplied from the main processor unit, the output from the comparator comparing the A to D output
with the value stored in the peak-value register and a sequencer clock signal generated by an oscillator module.

The OR array of the sequencer drives eight output registers and six buried state registers. The output registers
are used to provide the following output signals: a local reset signal to reset the peak detector, another independent
reset signal to reset or clear the rise-time register and peak-value register, a clock signal to strobe the rise-time register
and inter-peak register, a clock signal to strobe the peak-value register and a peak data-available signal which is routed
to the main processor unit.

Sequencer and synchronization logic relating to Figure 5A

The sequencer and synchronization logic relating to Figure 5A is similar to that described for Figure 5. the PLS105
sequencer carries out the same functions except that the peak detector input signal is removed. The role of the peak
detector input signal is in effect carried out by the signal generated by the comparator associated with the peak-value
register.

Principal hardware components

Implementation: Figure 5 Figure 5A
Instrumentation Amplifier | PGA202 PGA202
Unity gain buffer AD847 AD847
Front threshold detector AM686 74AS885
Rear threshold detector AM686 74AS885
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(continued)

Implementation: Figure 5 Figure 5A
Peak detector OPAB00 -

A to D converter MC10319 MC10319
Rise-time counter 74AS867 74AS867
Inter-peak time counter 74AS867 74AS867
Rise-time register 74F374 74F374
Inter-peak time register 74F374 74F374
Comparator 74AS885 74AS885
Peak-value register 74ALS273 | 74ALS273
Sequencer PLS105 PLS105

A limited number of additional AND and NOR gates are also used to provide basic logical functions.

Claims

A method of detecting and analysing moving particles using a transducer which generates an electrical signal in
response to a particle impact, having an amplitude which is related to the force of particle impact, the method
comprising the steps of:-

a. monitoring the instantaneous values of the transducer output signal;

b. detecting when the amplitude of the transducer output signal exceeds a given threshold and noting any
local maximum values whilst the transducer output signal exceeds the said threshold,;

¢. determining which of a plurality of local maximum values has the overall maximum amplitude so as to
discriminate between electrical noise spikes and an amplitude excursion caused by a particle impact; and

d. generating a final output signal whose amplitude corresponds to the detected local overall maximum value
and whose timing bears a fixed relationship to the time at which the local overall maximum value occured to
thereby generate a signal which is indicative of the momentum and position in time of a particle impact.

A method according to claim 1 in which the transducer has associated with it a recovery time includes the further
step of inhibiting the transmission of any final output signal in response to any significant amplitude excursions of
the transducer output signal within a period of time equal to the recovery time of the transducer after any final
output signal has been generated.

A method according to claim 1 or 2 in which the method includes the additional steps determining the rise times
of said local maximum value and of eliminating from consideration amplitude excursions whose rise-time up to a
pre-determined amplitude value is not within a preselected range of rise-times characteristic of the rise-time of an
amplitude excursion resulting from a particle impact.

A method according to claim 1 or claim 2 in which the method includes the steps of determining the rise times of
said local maximum values and applying a correction to amplitude values of the transducer output signal during
the recovery time following each detected overall maximum amplitude value, to compensate for the known decaying
oscillation in signal of the transducer due to the detected impact either by adding to (or subracting from) the detected
amplitude excursion values corresponding to the known decaying oscillation before determining future overall
maximum values.

A method according to claim 1 or claim 2 in which the method includes the steps of determining the rise times of
said local maximum values and modifying the output signal using a mathematical model corresponding to the
known decaying waveform, so that the transmitted transducer output signal amplitude is corrected for and takes
account of the previous impact, before processing to determine the next local overall maximum value.
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A method according to claim 5 in which the mathematical model describes the oscillatory function of the damped
transducer.

A method according to any of claims 4 to 6 in which the time interval between adjoining overall maximum amplitude
values is determined and, using known data relating to the expected decaying waveforms from the first impact, a
value of the latter at the time of occurrence of the second maximum value is computed to allow the second maximum
value to be corrected.

A method accrording to any of the preceding claims in which the peaks in the transducer output signals having an
amplitude which lie below the threshold level are not analysed.

A method according to any of the preceding claims in which two thresholds are employed, one positive and the
other negative, such that only positive going excursions of a magnitude greater than the positive threshold and
negative going excursions greater in magnitude that the negative threshold are available for analysis.

A method according to any of the preceding claims in which the analogue output signal from the transducer is
converted into digital form in the region of the detected maximum values.

Apparatus for detecting and analysing particle impacts, comprising a sensor which generates an electrical ampli-
tude excursion in response to a particle impact, the maximum amplitude of which is related to the momentum of
the particle causing the impact; a peak detector for detecting peaks in the sensor output; signal processing means
for measuring the amplitude and time of occurrence of each peak; comparator means for determining which of a
series of peak values has the local overall maximum value; and output means for processing as a final output
signal, a signal having a value corresponding to the locally detected overall maximum and whose timing corre-
sponds to the time of the detected impact.

Apparatus according to claim 11 in which the sensor is of the kind in which a particle impact generates, in addition
to a primary excursion, a secondary signal comprising a series of decaying amplitude excursions which attenuate
to an insignificant level over a period of time corresponding to the recovery time of the sensor transducer, the
apparatus including timing means for determining whether a detected overall maximum value has occurred within
the recovery time immediately following a previous detected overall maximum value.

Apparatus according to claim 11, further comprising compensating means for calculating the expected value of
the transducer output signal due to the first impact at the time of occurrence of the next detected overall maximum
value, and adjusting the said next value to give an adjusted value which is therefore a more accurate reflection of
the momentum of the second particle impact.

Apparatus according to any of claims 11 to 13 in which the apparatus includes the apparatus for performing ana-
logue to digital conversion of the transducer output signal, at least at detected local overall maximum values, so
that a digital value is available for processing.

Patentanspriiche

1.

Ein Verfahren zum Detektieren und Analysieren sich bewegender Partikel unter Verwendung eines Wandlers, der
nach MaBgabe eines Partikelaufpralls ein elektrisches Signal mit einer zu der Starke des Partikelaufpralls in Be-
ziehung stehenden Amplitude erzeugt, wobei das Verfahren die folgenden Stufen umfaft:

a) Uberwachen der Augenblickswerte des Wandlerausgangssignals,

b) Detektieren, wenn die Amplitude des Wandlerausgangssignals einen gegebenen Schwellwert tbersteigt,
und Festhalten samtlicher értlicher Maximalwerte, wahrend das Wandlerausgangssignal diesen Schwellwert
Ubersteigt,

¢) Bestimmen, welcher aus einer Vielzahl értlicher Maximalwerte die, insgesamt gesehen, Maximalamplitude
aufweist, um zwischen elektrischen Gerauschspitzen und einer durch einen Partikelaufprall bewirkten Ampli-
tudenauslenkung zu unterscheiden, und

d) Erzeugen eines endglltigen Ausgangssignals, dessen Amplitude dem detektierten &rtlichen - lGber allem
gesehen - maximalen Wert entspricht und dessen zeitliches Erscheinen in einer festen Beziehung zu dem
Zeitpunkt steht, an dem der &rtliche - Uber allem gesehen - maximale Wert auftrat, um damit ein Signal zu
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erzeugen, das den Impuls und den Zeitpunkt eines Partikelaufpralls anzeigt.

Ein Verfahren nach Anspruch 1, bei dem eine Erholungszeit mit dem Wandler zusammenwirkt, enthalt die weitere
Stufe des Verhinderns der Ubertragung jedes Endausgangssignals nach MaBgabe séamtlicher bedeutsamer Am-
plitudenauslenkungen des Wandlerausgangssignals in einer Zeitspanne gleich der Erholungszeit des Wandlers
nach Erzeugen jedes Endausgangssignals.

Ein Verfahren nach Anspruch 1 oder 2, bei dem das Verfahren die zusatzlichen Stufen des Bestimmens der An-
stiegszeiten des drtlichen Maximalwertes und des Ausschaltens von Amplitudenauslenkungen aus der Uberlegung
enthalt, deren Anstiegszeit auf einen vorgegebenen Amplitudenwert nicht in einem vorgewéahlten Anstiegszeitbe-
reich liegt, der fur die Anstiegszeit einer sich aus einem Partikelaufprall ergebenden Amplitudenauslenkung cha-
rakteristisch ist.

Ein Verfahren nach Anspruch 1 oder 2, bei dem das Verfahren die Stufen des Bestimmens der Anstiegszeiten der
ortlichen Maximalwerte und des Anlegens einer Berichtigung an die Amplitudenwerte des Wandlerausgangssi-
gnals wahrend der Erholungszeit im AnschluB3 an jeden detektierten maximalen Gesamtamplitudenwert enthalt
zum Ausgleich fur die bekannte abnehmende Schwingung im Signal des Wandlers aufgrund des detektierten
Aufpralls entweder durch Addition zu (oder Subtraktion von) den detektierten Amplitudenauslenkungswerten ent-
sprechend der bekannten abnehmenden Schwingung vor dem Bestimmen der zuklnftigen maximalen Gesamt-
werte.

Ein Verfahren nach Anspruch 1 oder Anspruch 2, bei dem das Verfahren die Stufen des Bestimmens der Anstiegs-
zeiten der ortlichen Maximalwerte und das Ab&ndern des Ausgangssignals unter Verwendung eines mathemati-
schen Modells entsprechend der bekannten abnehmenden Wellenform enthalt, so daf3 die Gbertragene Wandle-
rausgangssignalamplitude berichtigt wird und den vorhergehenden Aufprall beriicksichtigt vor der Bearbeitung
zum Bestimmen des né&chsten 6rtlichen maximalen Gesamtwertes.

Ein Verfahren nach Anspruch 5, bei dem das mathematische Modell die schwingende Funktion des gedampften
Wandlers beschreibt.

Ein Verfahren nach irgendeinem der Anspriiche 4 bis 6, bei dem die Zeitspanne zwischen aneinander angrenzen-
den maximalen Gesamtamplitudenwerten unter Verwendung von bekannten Daten bestimmt wird, die sich auf die
erwarteten, vom ersten Aufprall an abklingenden Wellenformen beziehen, und ein Wert des letzteren zum Zeitpunkt
des Auftretens des zweiten Maximalwertes zum Ermdglichen eines Berichtigens des zweiten Maximalwertes er-
rechnet wird.

Ein Verfahren nach irgendeinem der vorhergehenden Anspriche, bei dem die Spitzen in den Wandlerausgangs-
signalen, die eine Amplitude aufweisen, die unter dem Schwellwert liegt, nicht analysiert werden.

Ein Verfahren nach irgendeinem der vorhergehenden Anspriche, bei dem zwei Schwellwerte benutzt werden,
einer positiv und der andere negativ, derart, da3 nur die ins Positive gehenden Auslenkungen mit einer Grée
Uber dem positiven Schwellwert und die ins Negative gehenden Auslenkungen mit einer GréBe Uber der des ne-
gativen Schwellwertes flr die Analyse verfugbar sind.

Ein Verfahren nach irgendeinem der vorhergehenden Anspriiche, bei dem das analoge Ausgangssignal vom
Wandler im Gebiet der detektierten Maximalwerte in digitale Form umgewandelt wird.

Gerat zum Detektieren und Analysieren von Partikelaufprallen, bestehend aus einem Sensor, der nach MaBgabe
eines Partikelaufpralls eine elekirische Amplitudenauslenkung generiert, deren maximale Amplitude zu dem Im-
puls des den Aufprall bewirkenden Partikels in einer Beziehung steht, einem Spitzendetektor zum Detektieren von
Spitzen in der Sensorausgabe, Signalverarbeitungsmitteln zum Messen der Amplitude und der Zeit des Auftretens
jeder Spitze und Vergleichsmitteln zum Bestimmen, welcher aus einer Reihe von Spitzenwerten den &rtlichen
Maximalgesamtwert aufweist, und Ausgabemitteln zum Verarbeiten als ein Endausgangssignal eines Signales mit
einem Wert entsprechend dem értlich detektierten Gesamtmaximum und dessen Timing dem Zeitpunkt des de-
tektierten Aufpralls entspricht.

Gerat nach Anspruch 11, beidemder Sensor von der Artist, bei der ein Partikelaufprall zusatzlich zu einer primaren
Auslenkung ein sekundares Signal aus einer Aufeinanderfolge von abklingenden Amplitudenauslenkungen er-
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zeugt, die Uber einer Zeitspanne entsprechend der Erholungszeit des Sensorwandlers bis auf eine unmerkliche
GréBe gedampft werden, wobei das Gerét vorzugsweise Timingmittel zum Bestimmen, ob ein detektierter maxi-
maler Gesamtwert innerhalb der Erholungszeit unmittelbar im AnschluB an einen vorhergehenden detektierten
maximalen Gesamtwert aufgetreten ist, enthalt.

Gerat nach Anspruch 11, weiter bestehend aus Ausgleichsmitteln zum Errechnen des erwarteten Wertes des
Wandlerausgangssignals aufgrund des ersten Aufpralls zum Zeitpunkt des Auftretens des nachstens detektierten
maximalen Gesamtwertes und zum Einstellen dieses nachsten Wertes zum Erzielen eines eingestellten Wertes,
der deshalb eine genauere Wiedergabe des Impulses des zweiten Partikelaufpralls darstellt.

Gerat nach irgendeinem der Anspriiche 11 bis 13, bei dem es das Gerat zum Durchfiihren einer Analog/Digital-
umwandlung des Wandlerausgangssignals enthalt, mindestens bei detektierten értlichen maximalen Gesamtwer-
ten, so dafB3 ein digitaler Wert zur Bearbeitung zur Verfligung steht.

Revendications

1.

Méthode de détection et d'analyse de particules mobiles utilisant un capteur qui génére un signal électrique en
réaction a l'impact de ces particules, celui-ci ayant une amplitude qui est en fonction de la force d'impact des
particules, la méthode comprenant les étapes suivantes :

a. surveillance des valeurs instantanées du signal de sortie du capteur;

b. détection du moment ol I'amplitude du signal de sortie du capteur dépasse un seuil donné et enregistrement
de toutes les valeurs maximales locales pendant que le signal de sortie du capteur dépasse ledit seuil ;

c¢. détermination de la valeur, parmi plusieurs valeurs maximales locales, qui présente I'amplitude globale
maximale, de fagon a faire la différence entre les pointes de bruit électrique et I'excursion de I'amplitude pro-
voquée par l'impact d'une particule ; et

d. production d'un signal de sortie final dont I'amplitude correspond & la valeur maximale globale locale dé-
tectée et dont la durée s'appuie sur une relation fixe avec le moment ou s'est produite la valeur maximale
globale locale afin de générer ainsi un signal indiquant I'énergie cinétique et la position dans le temps de
I'impact d'une particule.

Méthode conforme a la revendication 1 dans laquelle le capteur est associé & un temps de recouvrement, com-
prenant I'étape supplémentaire consistant a inhiber la transmission de tout signal de sortie final en réaction a
toutes excursions significatives de I'amplitude du signal de sortie du capteur pendant une période de temps égale
au temps de recouvrement du capteur, aprés qu'un signal de sortie final ait été généré.

Méthode conforme a la revendication 1 ou 2, comprenant I'étape supplémentaire consistant a déterminer les temps
de montée de ladite valeur maximale locale et & ne pas prendre en considération les excursions de I'amplitude
dont le temps de montée jusqu'a une valeur d'amplitude prédéterminée ne se trouve pas dans une plage de temps
de montée prédéfinis caractéristiques du temps de montée d'une excursion d'amplitude résultant de l'impact d'une
particule.

Méthode conforme a la revendication 1 ou 2, comprenant I'étape supplémentaire consistant a déterminer les temps
de montée desdites valeurs maximales locales et a appliquer une correction aux valeurs de I'amplitude du signal
de sortie du capteur pendant le temps de recouvrement suivant chaque valeur détectée d'amplitude maximale
globale afin de compenser l'oscillation décroissante connue dans le signal du capteur qui est liée a l'impact détecté,
en additionnant (ou en soustrayant) des valeurs correspondant & l'oscillation décroissante connue a I'excursion
détectée de I'amplitude avant de déterminer les futures valeurs maximales globales.

Méthode conforme a la revendication 1 ou 2 comprenant |'étape supplémentaire consistant & déterminer les temps
de montée desdites valeurs maximales locales et & modifier le signal de sortie en utilisant un modéle mathématique
correspondant a la forme connue de l'onde décroissante, de fagon a ce que l'amplitude du signal transmis du
capteur soit corrigée en conséquence et prenne en compte l'impact précédent avant traitement afin de déterminer
la valeur maximale globale suivante.

Méthode conforme & la revendication 5 dans laquelle le modéle mathématique décrit la fonction oscillatoire du
capteur amorti.
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Méthode conforme & l'une des revendications 4 & 6 dans laquelle est déterminé l'intervalle de temps entre des
valeurs d'amplitude maximale globale adjacentes et, en utilisant les données connues relatives aux ondes dé-
croissantes attendues issues du premier impact, une valeur de ce dernier au moment de l'apparition de la deuxiéme
valeur maximale est calculée afin de pouvoir corriger la deuxiéme valeur maximale.

Méthode conforme & I'une des revendications précédentes dans laquelle les crétes dans les signaux de sortie du
capteur, dont I'amplitude est inférieure au niveau du seuil, ne sont pas analysées.

Méthode conforme a I'une des revendications précédentes dans laquelle deux seuils sont utilisés, I'un positif et
l'autre négatif, de fagon a ce que seules les excursions dans le sens positif ayant une magnitude supérieure au
seuil positif et les excursions dans le sens négatif ayant une magnitude supérieure au seuil négatif, soient dispo-
nibles pour l'analyse.

Méthode conforme a I'une des revendications précédentes dans laquelle le signal de sortie analogique du capteur
est converti en une forme numérique dans la région des valeurs maximales détectées.

Appareil pour détecter et analyser les impacts de particules, comprenant une sonde qui génére une excursion de
I'amplitude électrique en réaction a l'impact d'une particule, 'amplitude maximale de celle-ci se rapportant a I'éner-
gie cinétique de la particule provoquant l'impact ; un détecteur de créte destiné a détecter les crétes dans la sortie
de la sonde ; un dispositif de traitement du signal pour mesurer I'amplitude et le temps d'apparition de chaque
créte ; et un dispositif comparateur pour déterminer laquelle d'une série de valeurs de créte présente la valeur
maximale globale ; et un dispositif de sortie pour traiter sous la forme d'un signal de sortie final un signal ayant
une valeur correspondant au maximum détecté localement et dont la durée correspond au temps de l'impact
détecté.

Appareil conforme a la revendication 11 dans lequel la sonde est du type dans lequel l'impact d'une particule, en
plus d'une excursion primaire, génére un signal secondaire comprenant une série d'excursions décroissantes de
I'amplitude, qui diminue jusqu'a un niveau négligeable pendant une période de temps correspondant au temps de
recouvrement du capteur du détecteur, I'appareil comprenant un dispositif destiné a déterminer si une valeur maxi-
male globale détectée s'est produite pendant le temps de recouvrement suivant immédiatement une valeur maxi-
male globale détectée précédemment.

Appareil conforme & la revendication 11, comprenant en plus un dispositif de compensation pour calculer la valeur
attendue du signal de sortie du capteur liée au premier impact au moment de l'apparition de la valeur maximale
globale détectée suivante, et ajustant ladite valeur suivante pour fournir une valeur ajustée qui est en conséquence
un reflet plus précis de I'énergie cinétique du deuxiéme impact de particule.

Appareil conforme a I'une des revendications 11 & 13 dans lequel I'appareil comprend l'appareil destinée a réaliser

la conversion analogique/numérique du signal de sortie du capteur, au moins pour les valeurs maximales globales
détectées, de fagon a disposer d'une valeur numérique pour le traitement.
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